Abstract We find that element abundances in energetic ions accelerated by shock waves formed at corotating interaction regions (CIRs) mirror the abundances of the solar wind modified by a decreasing power-law dependence on the mass-to-charge ratio A/Q of the ions. This behavior is similar in character to the well-known power-law dependence on a where a is nearly always negative and evidently decreases with distance from the shocks, which usually begin beyond 1 AU. For one unusual historic CIR event where a ≈ 0, the reverse shock wave of the CIR seems to occur at 1 AU, and these abundances of the energetic ions become a direct proxy for the abundances of the fast solar wind.
If energetic particles from CIRs have a source in the FSW, we might expect that they are a proxy for FSW abundances and would provide an alternate measure of the results of the open field model of the FIP effect. Reames (2018a) used the CIR abundance measurements of Reames, Richardson, and Barbier (1991;  see also Reames, 1995) and found that CIR events lent strong support for differences between SEP and solar wind abundances. However, not all measurements of energetic ion abundances in CIRs are the same. Richardson (2004) reviews abundance measurements where CIR abundances look more like those of SEPs at low solar-wind speeds, while Mason et al. (2008) and Bučík et al. (2012) In this work we study element abundances in some of the largest CIR-associated events that occur during 24 years of observation by the Low-Energy Matrix Telescope (LEMT) on the Wind spacecraft, near Earth (von Rosenvinge et al., 1995) . For our purpose, LEMT primarily measures elements He through Fe in the region of 2 -20 MeV amu -1 . The element resolution of LEMT is shown in detail by Reames (2014) . We shall also have occasion to revisit the abundance measurements by the Very Low-Energy Telescope (VLET) on the International Sun-Earth Explorer (ISEE) 3. Element resolution of the VLET is shown by Reames (1995) . The two telescopes are logically similar with similar element and energy coverage, although LEMT has a geometry factor of ≈ 50 cm
Selection of CIR Events
The selection of energetic particle increases in association with increases in solar-wind speed is relatively straightforward. Evidence of increasing density and magnetic-field strength for the formation of a reverse shock wave is helpful although none of our recent events actually have a shock formed at 1 AU. We need high intensities, often aided by 27-day recurrence, so as to measure as many elements between He and Fe as accurately as possible. We begin with the list of CIR events from Mason et al. (2008) and extend it to recent years, but events with ions below 1 MeV amu -1 frequently do not have significant intensities above 1 MeV amu -1 where we measure.
Before proceeding to study our events, it is important to show possible pitfalls and background sources that can intervene. Figure 1 shows a CIR event and three impulsive SEP events. Note that if the particles in the first SEP event and the CIR event were inadvertently combined, the SEP He, C, and O would make only a small contribution, but the SEP Fe contribution would dominate the mix. Since Fe/O ≈ 1 in impulsive SEP events, a small impulsive SEP background could pollute only the Fe and be otherwise invisible. To avoid contamination from impulsive SEP events, one might be tempted to select CIRs away from solar maximum and nearer solar minimum. Then one might find the beautiful series of four recurrent CIR events as shown in Figure 2 . ACRs, the spectra are flat down to below1 MeV amu -1 , and the abundances of other high-FIP ions, N, Ne, and Ar are also affected (e.g. Reames, 1999b, Reames and McDonald, 2003 Figure 3 shows energy spectra for the first four of the study events. The lower panel compares C and O spectra normalized to the corresponding He spectra. Normalization factors will be considered in the next section. The theory of Fisk and Lee (1980) describes these spectra as a power law times an exponential in particle velocity, so the spectral shape in MeV amu -1 should be the same for all ions. That seems to be the case for He, C, and O. The upper panel of Figure 3 shows reasonable agreement of the shapes of He and
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Fe spectra for events 1, 2, and 4, but event 3 suggests the possible presence of excess low-energy Fe that may be background from an impulsive SEP event. The remaining CIR events in Table 1 have reasonably well-behaved spectra for all species. Event 3 is the greatest exception.
Relative Abundances of Elements
The normalization factors used to compare the spectra are the observed element abundances in each CIR event. To test for a dependence on A/Q, we can divide these abundances by those of the FSW (Bochsler, 2009) et al., 2000) . Rather than using this value for all events, we search for the temperature T that gives best fit power law in each event as has been done for gradual SEP events (Reames, 2016a (Reames, , 2018b While the power law fits seem appropriate in most cases, the value of S/O= 0.05 in the FSW seems too large by a factor of almost 2 for these CIRs. Also, the value of Fe/O=0.088 could be increased somewhat. These changes would reduce the minimum Energetic Ion Abundances from Corotating Shock Waves χ 2 /m for the events. However, it is risky to try to use these fits to redefine the reference abundances for all the elements used to derive them.
In general, we assume that the CIR intensities take the form
where v is the ion speed and j 0 , a, b, and v 0 are adjustable constants. This is the form derived by Fisk and Lee (1980) with explicit dependence on A/Q added. Fisk and Lee (1980) absorb any A/Q dependence into j 0 . In general, a ≠ b, and both vary from event to event. Table 1 shows the deduced temperatures and the value of a for the 12 CIR events we have studied using LEMT data. For the gradual SEP events we saw both increasing and decreasing power-law dependence on A/Q in a single event (Reames, 2016a) . Often, intensities increase with A/Q early in an SEP event and decrease later, so we might expect average abundances to recover the source values. For CIRs, abundances are spatial-equilibrium values and need not vary in time in the corotating pattern; there is no "early" or "late" and they always seem to decrease with increasing A/Q. Other than consistency of the fits with the FSW abundances in Figure 5 , how can we independently determine source abundances for CIRs? What determines a? Do we ever find a = 0? The CIR abundances from Reames, Richardson, and Barbier (1991) (2015) as shown by Reames (2018a Reames ( , 2018b . In the next section we revisit this 1982 event.
Revisiting the CIR event of May 1982
Time and energy dependence of element abundances from the ISEE-3 VLET are still available and we can reprocess these data for the recurrent CIR event of May-June 1982 that was first published by Reames, Richardson, and Barbier (1991) . Element resolution for the VLET was shown by Reames (1995) .
When we sum the intensities over the event periods listed in Table 1 For the CIR event shown Figure 6 we find the power a = -0.12 ± 0.21 as shown in Table 1 , i.e. a ≈ 0. In this event the energetic-ion abundances in the CIR match those of the FSW.
What is different about this event? Here the reverse shock may actually occur at (Reames, Richardson, and Barbier, 1991) . The power a is probably zero at the shock and becomes negative and decreases with distance sunward of the shock. It is surely affected by transport where scattering has a dependence upon particle rigidity which varies as A/Q when ions are compared at constant velocity (constant Mev amu -1 ). Since ions with higher A/Q scatter less they tend to spread more easily farther from the source. This is also seen late in large SEP events (see Fig. 5 .10 of Reames 2017a). For SEPs, one can see the time dependence, but CIRs involve a time equilibrium.
Since the revised study of the 1982 CIR includes a somewhat increased time period, we compare the new abundances from this event with those from other sources in Reames (1995 Reames ( , 2014 Reames ( , 2017a Figure 7 shows the FIP patterns of the new CIR and the FSW measurements, relative to the photospheric abundances, all taken from Table 2 , compared with the open field theoretical result listed in the column labeled 6.0 km -1 s in Table 4 of Laming (2015) .
We have chosen to normalize the data at Ne, rather than O, recognizing that O may actually be becoming a transition element rather than a pure high-FIP element. This normalization seems quite appropriate for Mg, Si, and Fe as well. It has been clear in all our CIR measurements that S/O is smaller in CIRs than in the reference solar wind. However, the new CIR value of S/O = 0.036 ± 0.008 is still high enough to suggest than S is close to behaving as a low-FIP transition element similar to C, as predicted by the open-field theory. C, S, and P are the elements that best distinguish the open-and closed-field models; P is not available in CIRs or the FSW, but C is well measured and strongly enhanced in both.
Discussion
Thus the element abundances of the energetic ions from CIRs, relative to the FSW, show a power-law dependence on A/Q of the ions that is similar to that seen late in SEP events. Fisk and Lee (1980) discussed the velocity dependence of the spectra and their depend-ence on distance from the shock. They showed that spectra of different ions were similar in v, but they did not examine the normalization of the abundances or their dependence on A/Q. Measurements of spectral evolution with time (e.g. Reames et al., 1997) may only involve a single species; they include different source locations along the shock as well as different distances from it. Unfortunately, we cannot directly measure distances from a remote shock wave.
In general, multi-spacecraft measurements (e.g. Van Hollebeke, McDonald and von Rosenvinge, 1978; Richardson. 2004) show that CIR shocks are much stronger in the outer heliosphere. The fast wind flows parallel to the slow wind near the Sun, but begins to "bite" into it more and more as R increases. Shocks that accelerate ions usually form beyond 1 AU. CIR shocks are much stronger and ion intensites are much higher in the outer heliosphere at ~5 AU (Van Hollebeke, McDonald, and von Rosenvinge, 1976 ) yet the Fisk and Lee (1980) formula continues to fit the 1 AU He spectrum for up to 8 days later (Reames et al., 1997) . Intensities at 1 AU must be a balance between shock acceleration and transport, including possible field-line meandering. He ions at high energies (i.e. high rigidities, which scatter less) have been observed to peak many days later than those at low energy (see Reames et al., 1997) .
The CIR event of May -June 1982 is unusual in having a reverse shock with a ≈ 0 that seems to form near 1 AU. The parameter a must depend upon transport since scattering depends upon particle rigidity and hence upon A/Q. None of the CIR events we have measured in this paper from the Wind era from November 1994 to June 2018 have the property a ≈ 0. There are just 9 fast reverse shock waves in the database of shocks, seen at 1 AU, with complete analysis of the shock parameters, measured on the Wind spacecraft by J. Kasper (http://www.cfa.harvard.edu/shocks/wi_data/, see also Jian et al., 2006) . None of them provide energetic (2 -10 MeV amu -1 ) ions for us to study.
The suprathermal seed population in CIRs was studied by Chotoo et al. (2000) . Although actually predicted by theory (Parker, 1963) , the power-law dependence of SEP abundances on A/Q, reported by Breneman and Stone (1985) , was a significant finding. Unfortunately, it languished for decades, perhaps because it took time to recognize that Q and hence A/Q have an important dependence upon source temperature, which can vary among SEP events. Finally it seems clear that this power law behavior extends to energetic ions from CIRs as well as SEPs and is a general property of energetic-particle scattering and transport in space. We would encourage a theoretical study the A/Q dependence in CIRs.
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